Introduction
Composite materials (CMs) based on copper, refractory metals (tungsten, molybdenum and chromium) and carbon, which exhibit a number of unique physical, mechanical, chemical, technological and performance characteristics, were developed in the second half of the last century. Due to their specific structure and chemical composition they combine high heat-resistance, hardness, erosion and electric-erosion resistance, resistance against micro-welding typical of refractory metals, and high thermal and electrical conductivity, low contact resistance typical of copper and carbon. In addition, these materials are easy to process. Up to now, CMs of this type had been obtained by the methods of powder metallurgy. One of traditional powder metallurgy manufacturing pro-cesses is to press the refractory metals, sinter the pressed porous compact at a high temperature, and infiltrate with copper. Other traditional manufacturing process is hot-pressing of powder mix of refractory metals or carbon and copper. All this is done under very closely controlled conditions. Despite many years of experience with these materials, studies of their properties proceed within the system concerned in connection with the improved technical possibilities to control the material composition, dispersion and distribution of the refractory component in the product volume [1] - [7] .
CMs based on copper, refractory metals and carbon are used as electrical, structural and special purpose materials for the production of parts and structural elements to be in service under conditions of high temperatures, erosive and electroerosive wear, and other extreme operational factors. The composites of the Cu-W, Cu-Mo, Cu-Cr and Cu-C systems concerned found the widest application in electrical engineering as materials for contact parts of high-current switchgears, current-collecting devices, and electrodes for contact welding. The electrical and thermal conductivity of refractory metals, which is lower as compared to that of pure copper, calls for the creation of new technologies for producing combined products. These composites can be used in such products only as coatings for contact parts of electrical switchgears that change their functional properties appreciably. In using this technology, difficulties occur due to the need in checking the quality of the boundary between the copper body and the composite coating. In a number of cases, these difficulties can be avoided, and a separate production of coatings and contact parts can be discontinued due to the technology that allows producing layered gradient composites and coatings based on them directly on the working surface of contact parts.
The production of such materials became possible after the creation of electron-beam facilities for high-speed evaporation of composite components from separate water-cooled crucibles with a subsequent layer-by-layer condensation of the regulated vapor flows on the revolving metallic substrate [8] - [17] . The apparent advantages of the electron-beam technology, which allowed obtaining the new-generation composite materials for electrical contacts, include:
• the possibility to mix at the atomic and molecular levels the vapor flows of substances that do not dissolve well in each other, and obtain composite materials and coatings (facing layers) with the assigned structure, chemical composition, physical, mechanical and performance characteristics, which cannot be yielded by other methods; • simplicity and efficiency as compared to the methods of powder metallurgy, as the material is formed over one technological cycle; • the possibility to create gradient structures by varying the deposition rate of the components being evaporated in the course of the technological process; • the possibility to obtain layered composite materials, which is practically impossible to achieve using traditional methods; • ecological purity, as this technology eliminates all atmospheric emissions.
Material, Treatment, and Testing
The objects for the investigation were the microlayered CMs of the Cu-Zr-Y-Mo, Cu-Zr-Y-Cr, Cu-Zr-Y-W and Cu-Zr-Y-C systems for electrical contacts, which were formed by the electron-beam technology at Gekont (Eltechmash) Science & Technology Company, Ukraine [8] - [10] . The electrical engineering materials condensed from the vapor phase were obtained on the L-5 electron-beam facility designed at the Paton Welding Institute of the National Academy of Sciences of Ukraine and upgraded at Gekont Science & Technology Company to suit our task. The scheme and surface appearance of the facility is given in Figure 1 and Figure 2 .
The facility represents technological work chamber 1. The side wall of the work chamber has gun chamber 2 attached to it, which contains electron-beam heaters 3, 4, 5 and 6. The vacuum system, which comprises two fore pumps, two booster pumps and two high-vacuum units, serves to provide dynamic vacuum in the facility chambers for evaporation and condensation of the initial materials.
On the upper flange of the work chamber 1 there is mechanism 15 that rotates substrate 14. Substrate made in the form of a steel disk 1000 mm in diameter and 20 mm in width. The substrate surface which was presented to the crucibles and on which the condensation occurred was polished to achieve N8-N9 surface finishes. The design of rotation mechanism allows it to be operated for a long time without destroying vacuum at a temperature of 870 ± 50 К.
The substrate fixed to rotation rod 7 was heated to the assigned temperature by 40 kW electron-beam heaters 5 and 6. The initial materials were heated to evaporation by 100 kW electron-beam heaters 3 and 4. All heaters have independent cathode-glow and electron-beam controls.
The evaporation unit has two water-cooled copper crucibles 8, 9 of diameter 100 and 70 mm for evaporation of copper ingot 10 of diameter 98.5 ± 0.1 mm and length up to 500 mm and refractory metals (or carbon) ingot 11 of diameter 68.5 ± 0.1 mm and length 300 -320 mm long to be evaporated, and mechanisms 12, 13 that allow the ingots to be put in the evaporation zone.
In the present investigation, we obtained the CMs based on copper, refractory and rare-earth metals by means of copper, zirconium, yttrium and tungsten (molybdenum, chromium or carbon) evaporation from separate crucibles followed by their precipitation on a rotated steel substrate coated with a separating layer of calcium fluoride. The initial materials were M0 grade copper ingots with 100 mm diameter, MChVP grade molybdenum (Kh99 grade chromium, VA grade tungsten or MPG-7 carbon) ingots with 70 mm diameter as well as toughpitch zirconium and yttrium batches.
The copper matrix was alloyed with zirconium and yttrium as follows. Two batches of these components, 135 g each, were put on the surface of the copper ingot. On reaching a vacuum to (1.3 -4.0) × 10 −3 Pa in the work chamber, we performed the electron-beam heating of the substrate, on which vapors were to be condensed, up to the temperature 950 ± 15 K. Simultaneously, we heated the surface of the copper ingot, making the constituents (zirconium, yttrium, copper) lying on it melt at a current of 1.15 -1.3 A. The melt pool became homogeneous after 15 -20 minutes of heating. At the production stage the evaporation of copper ingots was performed at a beam current of 2.6 -2.8 А under acceleration voltage 20 kV. The total content of zirconium, yttrium, and their oxides in composites was no more than 0.8 wt.% in all cases.
Tungsten (molybdenum, chromium or carbon) was evaporated from the other crucible. Considering very high melting temperature of carbon and the difficulty of its transformation into a vaporous state the original electron-beam technology of carbon evaporation through molten tungsten mediator was designed by the Gekont Science & Technology Company. By varying the beam current in the range from 1.7 to 3.8 A under the direct acceleration voltage 20 kV, one can readily regulate the evaporation rate of refractory components and its concentration in the composite in wide ranges. Optimal content of refractory component in composite, which yields the most beneficial combination of their electric, mechanical, chemical, and operating characteristics, depends on material functionality and is determined experimentally. Generally for tungsten it lies between 5 -25 mas.%, for molybdenum between 2.5 -12.0 mas.%, for chromium between 30 -40 mas.%, and for carbon between 1.2 to 7.5 vol.%.
By maintaining the substrate temperature in the range from 935 to 965 К, we prevented the re-evaporation of copper from the surface of the condensed material. The resulting condensed materials was a ~3···5 mm thick plate.
At the end of the technological process condensed composite material was separated from the substrate and annealed in the vacuum furnace at 1170 К for 3 h in order to relieve internal stresses, make the structure stable and enhance the material ductility.
At present time commercial and experimental-industrial condensed CMs of the Cu-Zr-Y-Mo, Cu-Zr-Y-Cr, Cu-Zr-Y-W, and Cu-Zr-Y-C systems for electrical contacts and electrodes are manufacturing in Ukraine by the Gekont Science & Technology Company the in the form of sheets by 3···5 mm thick. Generally, these sheet materials are used as operating floors of copper electrical contacts and electrodes attached to them by brazing.
In this study, we used the research techniques that include the macro-and microstructure analysis using optical and scanning electron microscopy, electrical resistance methods, mechanical tensile tests at room and high temperatures, measurement of hot hardness.
The structure, chemical composition, electrophysical, tribotechnical and mechanical properties of the condensed materials were investigated on specimens cut from the plates. Specimen dimensions were set in accordance with the requirements for specimens to be used for studying the material structure, electrical conductivity, microhardness, tribotechnical and mechanical characteristics during tensile tests. The content of tungsten, molybdenum, chromium, carbon and copper in composites was determined by the mortar method (volumetric analysis).
The structure of the composite materials was investigated by optical and scanning electron microscopy using the "Neophot-2" optical microscope and the "Superprobe 733" raster electron microscope manufactured by "Jeol". Specimens for metallographic analysis were prepared using chemical etching in a 40% hydrochloric acid solution and ion etching in a glow discharge. We studied the specimen surface and cross section perpendicular to the substrate, on which vapors were to be condensed.
The mechanical characteristics were determined at ambient temperature (in air) and in the range 370 -1070 K (at a pressure no more than 0.7 mPa) from the results of mechanical tensile tests of standard flat fivefold proportional specimens with a gauge length of 15 mm, width of 3 mm and thickness of 1.2 -2.0 mm using a 1246-R unit [18] according to ISO 6892 [19] and ISO 783 [20] , respectively. The specimens were cut from 1.2 -2.0 mm thick composite materials. We tested from 3 to 5 specimens at each temperature. The deformation rate was 2 mm/min, which corresponded to a relative strain rate of ~2.2 × 10 −3 s −1
. During the tests deformation diagrams were recorded to determine the proof strength R p0,2 , the ultimate strength R m , the percentage elongation after fracture A, and the percentage reduction of cross-sectional area Z.
Hardness of the CMs was measured in the temperature range from 20 to 1070 К by Vickers indentation in the plane parallel to the surface of condensation. The pyramidal point was made of a synthetic corundum single crystal. Indentation loads were 10 N. The tests were carried out at a pressure no more than 0.7 mPa on a UVT-2 unit [21] [22] according to the DSTU 2434-94 [23] .
Results and Discussion
Numerous properties requirements which a material for electrical contacts should meet are highly inconsistent and are mainly dictated by their operating conditions. To meet these requirements, the contacts should be made from a material possessing a certain complex of physical, structural, mechanical, and electrical contact properties. In particular, these properties include high electrical and thermal conductivity, melting temperature, high critical current strengths and voltages, strength characteristics, low contact resistance, high electrical erosion and corrosion resistance, volatility of its oxides, ease of processing, relatively low prime cost and environmental compatibility. At present, none of the known electrical contact materials possess the full set of the above properties.
By applying the layer-by-layer condensation of low-alloy copper and refractory metals (tungsten, molybdenum or chromium) or carbon and moving the substrate out of the zone of vapor flow while it is rotating, it is possible to perform tempering from vapor and obtain materials with the structural elements typical of nanomaterials. Investigated composites are characterized by a specific microlayer structure with alternating layers of Cu-Zr-Y low alloy and refractory metals from 0.1 to 0.4 μm thick (Figure 3 Table 1 .
In operation, the materials of contacting pairs in high-current switchgears are subjected not only to intensive corrosion and electrical erosion but also to mechanical loads at elevated temperatures. Therefore, studies on their mechanical properties over operating temperature ranges are of definite scientific and practical interest. Table 2 lists the mechanical characteristics of the most promising composite material MDK-3 in the temperature range from 290 to 1070 K. This composite material exhibit a unique complex of mechanical characteristics combining high hardness and strength with a satisfactory plasticity in the whole temperature range studied. The strength of this composite material in 2 or 4 times higher than that of known Cu-Al 2 O 3 and Cu-BeO powder composites and cast copper super alloys.
The electrical conductivity of MDK composite materials by Cu-Zr-Y-Mo system ranges from 65% to 75% of that of copper, which is almost twice as much as that of all known Cu-Mo powder compositions. Their maximum magnitude of transferred current (up to 4000 A) is 2.5 times higher than that of silver. MDK composite materials significantly surpass all existing electrical engineering materials in radiation resistance, thermal stability, and wear resistance. They exhibit high thermal conductivity, do not maintain the arc, and are more corrosion-resistant and durable than silver [10] .
Additional alloying of the copper matrix with yttrium and zirconium allowed us to modify greatly the composition of the oxide film appearing in operation when the condensed material is in an oxidizing medium. Unlike Mo-Cu powder composites where the oxide films consist of CuO × MoO 3 and 3CuO × 2MoO 3 compounds, the films of condensed materials are formed on the basis of complex spinels, such CuMoY 2 O 7 and CuMoZrY 2 O 9 . In such oxide films no polymorphic transformations occur and they are distinguished by a high electrical conductivity and adhesion to the base material.
Electrical contacts made of Cu-Zr-Y-Mo microlayer CMs exhibit high thermal and electrical corrosion resistance. They are unweldable and meet all increasing demands for the reliability and service life of high-current switchgear (Figure 4(a) ). Table 3 . Electrical interrupting contacts for vacuum circuit breakers made of Cu-Zr-Y-Cr microlayer composite materials exhibit high thermal and electrical corrosion resistance. They are unweldable and meet all increasing demands for the reliability and service life of vacuum circuit breakers (Figure 4(b) ).
Owing to the highest hardness and strength together with satisfactory plasticity at higher temperatures ( Table  4) condensed composites of Cu-Zr-Y-W system are very promising as materials for operating floors of electrodes in contact welding (Figure 4(c) ). The electrical resistance of these composites depends on tungsten content and does not exceed 3.05 × 10 −2 Ohm·mm 2 /m (for CMs with 25 mas.% W). Condensed layered CMs of Cu-Zr-Y-C system with high tribotechnical characteristics are used for manufacturing sliding contacts for current-collecting devices of electric transport (Figure 4(d) ). The coefficient of kinetic friction of Cu-Zr-Y-C composites with 4.0 -7.0 vol.% C together with copper contact wire is 3 -4 fold lower than that of the tough-pitch copper. Mechanical characteristics of the Cu-Zr-Y-C composite material with average carbon content of 5.0 ± 0.2 vol.% in the temperature range from 290 to 870 K are given in Table 5 . 2) Structure, electrical conductivity, hardness, tribotechnical and mechanical properties in tension of the microlayer CMs for electrical contacts and electrodes obtained by means of high-speed electron-beam evaporation-condensation were investigated at ambient and elevated temperatures.
Summary
3) The practical use of condensed CMs as materials for electrical applications will be based on a preliminary study of the operating conditions of the electrical contact or electrode, choice of chemical composition for a future combined product, and a detailed study of its production technology, which is determined by the required functional properties of the electrical switching devices.
4) Many years of series production and practical use of condensed microlayered CMs for electric contacts at Gekont Science & Technology Company in Ukraine gave grounds to believe that the offered materials would be promising enough for wide commercial applications.
